Incorporating robotics into the STEM initiative is an essential part of keeping students relevant and competitive in a global economy. This paper presents an original way of developing courseware for an introductory Robotics course as part of a six-week pre-college engineering summer program. The goal of the course was to expose high school students to Robotics engineering and involve the students in robot designing and building, programming and troubleshooting, collaborative writing, and presentation. After the class, students from diverse academic backgrounds are expected to be well prepared for a college level engineering curriculum. The six-week program consisted of four stages, introduction to Robotics engineering, hardware design, robotics programming, and project development. The application of this courseware proved to be an effective way for students to realize their academic capabilities and engage themselves in group projects. The course was held at Vaughn College of Aeronautics and Technology in Queens, New York.
Introduction
Many educational researches show that students will be better prepared for rigorous study in engineering sciences if exposed to engineering concepts in the years prior to college or university study 1, 2 . Through a pre-college engineering program, high school students can have an opportunity to learn more about engineering, such as problem-solving skills; engineering design process as well as teamwork to complete a project. However, the teaching environment for a pre-college engineering program is different from either high school or college education.
For example, for a robotics course, teachers working in explanation-oriented learning environments often need support for facilitating students 3 . Finding the explanations behind the current phenomena or developing the solutions for robot hardware designs in the classroom can foster creativity in the learning and teaching processes and evoke students' curiosities for engineering. Therefore, the proper arrangement and development of the courseware will allow the teachers to convey the information more effectively and productively.
The goal of this paper is to develop the courseware that will introduce high school students to engineering through robotics. The courseware development includes methods for teaching robotic hardware -through chassis assembly and sensor integration, software through basic programming techniques including the creation of algorithms, and the problem solving skills required in engineering. It is expected that this course layout described in Figure 1 and the corresponding courseware development will benefit those who are thinking of running a precollege engineering course at other institutions.
This course was divided into lectures and laboratory exercises. On the lecture days the students were taught new materials about robotic hardware and software design, such as hardware layouts and programming techniques. On the laboratory days, they applied and reinforced the learned knowledge through hands on experiments, such as building the robot frame, writing code in embedded C program and so on. By teaching in this manner the course does not only focus on the traditional lecture style of teaching, but allows the material to reach students with different learning preferences. A few challenges were also incorporated into the courseware, such as building a robot chassis and then requiring students to improve it by mounting sensors with only a limited amount of parts and time. This forced them to use innovation and creativity in their design process. The culmination of the course was a final project where the students would demonstrate a unique and fully functional robot that was able to complete a specified task, as well as a PowerPoint presentation discussing their robot and the process they went through to complete it.
Hardware Development

I. Materials
As a foundation for the hardware used in the course, each group of students was given a VEX Dual Control Starter Kit 4 . This kit comes with a Clawbot Robot Kit, a VEX ARM® Cortex®-based Microcontroller, a VEXnet Joystick and VEXnet Key 2.0, an assembly manual, and a robot battery and charger. In addition to this kit, a variety of sensors were purchased, such as line trackers, limit switches, ultrasonic range finders, light sensors, optical shaft encoders, bumper switches, and potentiometers 5 . A Programming Hardware Kit was also made available to the students to allow communication between a PC and the VEX Microcontroller.
II. Building the Chassis of a Mobile Robot
The first laboratory exercise introduced was to build a robot chassis. The VEX assembly manual contains diagrams to help students identify each of the parts in the kit, but lacks a description of the function of each part. Therefore, it was necessary to briefly discuss the functionality of the parts to ensure that the building process would not be hindered by confusion over the materials. Although this effort was taken, many of the groups were incorrectly installing the bearing flats and therefore destroying the pop-rivets by trying to force them in. Replacement pop-rivets were obtained from the Vaughn College of Aeronautics and Technology Robotics Club's supply closet. By building the robot from a kit with a manual the students were quickly and effectively introduced to the building process. Roles within groups became apparent as some groups naturally split up tasks while other groups entrusted a single student to do most of the work. The building process also highlighted some students were more capable of following directions while working together to achieve a goal. Building the robot from a kit succeeded in preparing the students for the task of designing and building a custom robot for their final project.
III. Advanced Design with the Integration of Multiple Sensors
For the intensive pre-college engineering course, high school students were required to develop programs with more sensors, such as optical shaft encoders, ultrasonic range finders, limit switches, line trackers, potentiometers, and so on. This required modifications to the robot chassis so that multiple sensors could be installed. The students were allowed to choose their own design modifications, but each process was guided with the help of the teacher and teaching assistants. The goal was to optimize the limited space on the robot and design a more compact, or expanded, form of a robotic chassis so that the encoders and other sensors could be effectively used. Figure 2 c)) realized that the parts contained in the kit would not allow for an effective expansion of the chassis. The shafts were not long enough to allow adequate structural support for the drive train. This led to the wheels being loose and prevented accurate control of the robot. However, the expanded form created more space for sensors than the compact form allowed. The students who chose the compact chassis form (Figure 2(b) ) garnered opposite results. The compact form brought in the wheels while also allowing a room to install necessary sensors. This led to a structurally strong chassis, as well as the added effect of a tighter turning radius for more responsive control. Although enough room was created for the inclusion of necessary sensors, like encoders, it was not as much room as the expanded form which allowed for other sensors, such as line tracking sensors and ultrasonic range finders. Students needed to decide, as a group, which design approach would be best for them to achieve the goals of their final project. Their final projects required them to complete a task through designing and programming a robot.
Software Development
I. Software used in the Robotics Course
The software component of this course was by far one of the most successful sections. Guiding high school students from no or little programming experience to possessing solid fundamental knowledge of programming was a very satisfactory task to achieve for teaching assistants. In order to program the VEX Clawbot, the RobotC Integrated Development Environment (IDE) 6 , which is designed for VEX Robot hardware, was utilized. This programming language is a simplified version of the C -programming language. RobotC is the leading robotics programming language for the educational environment having applications for Arduino, LEGO and VEX micro-controllers. The interface and standard programming language of RobotC is compatible to the environment and standards of those in the industry. RobotC provides extensive online documentation, educational tutorials, and an active forum community 7 . This accessibility makes it easier for students to go out and complete independent research, which is an integral skill for collegiate success.
II. Programming Techniques Covered in the Course
To teach high students computer programming, we have carefully analyzed the essential statements that are necessary for control of a robot in autonomous mode. We chose the following contents for the lectures and laboratory exercises. The program shown in Figure 3 (a) is a sample motor code which allows the robot to move forward at full power for three seconds. To move the robot backwards at full power for three seconds, the 127 would become -127 for both motor calls. There are multiple ways to turn the robot, a very simple example would be to give one side of the robot forward power and give the other side of the robot backwards power as shown in Figure 3( Relational operators are normally used to specify conditions for if/else statements as well as for and while loops. "And" and "Or" are logical operators that allow for more complex conditions.
Simple Motor Commands:
If/else Statements:
The program in Figure 5 shows the syntax for if/else statements. If the listed condition is true, the corresponding code is executed and the rest branches are ignored. If none of the conditions are true, then a default code can be allocated. While-loops give a programmer the ability to execute a code for a number of iterations. The while-loop iterates a code while the condition specified is true. When the condition is no longer true, the while loop no longer executes its code.
While loops:
Function calls:
Functions are a programming technique which allows code to be reused without rewriting the same code an umpteen amount of times. Many groups were able to implement a function to run an auto-straightening code which compensates for physical defects of the motors to help the robot move in a straight line.
III. Programming the Robots
As an introduction to programming, a demonstration was given of a robot with a bump sensor. The robot would travel forward; upon hitting a surface, the robot would turn 180 degrees and travel forward again and repeat the process until turned off. Once the students completed the building of the chassis of their robot, their first assignment was to write a program to allow the robot to move forward for one meter, turn 180 degrees and then move forward for another meter. By gradually introducing new programming techniques, the level of programming difficulty was increased. During the 3 rd week of the course, the students were introduced to functions which made repetitive code more efficient and programmer-friendly. By this time, the more experienced programmers were actively helping the less experienced. Peer work always works hand-in-hand with teacher instruction. In the 4 th week, before students would begin their final projects, the final objective was to program the remote controller. The course was designed this way to ensure that students would not get distracted in the early weeks of programming once they were able to control their robot at free will.
As a result, the students were able to obtain a significant knowledge of autonomous robot programming. Using and understanding sensors are a huge part of making a robot self-sufficient. Because their final projects were designed to be fully autonomous, the students were given tasks to create flowcharts describing their autonomous programs to ensure they understood the innerworkings of a given program.
To finalize the robot experience, the students were given the opportunity to program their remote controllers. The students were given the RobotC commands and their basic functions, most of the groups were able to write their own remote controller code.
Problem Solving Techniques
Throughout the course, we exposed students to various hardware and software challenges to enhance their problem solving skills and prepare them for their final projects. The objective was to teach the students how to solve unforeseen problems that will arise during an engineering project. Since this was a pre-college engineering course, the students did not have enough knowledge to solve the challenges unassisted. As a result, the students were guided towards solutions while developing their own critical thinking skills. As mentioned earlier in the "Hardware Development" section, one challenge the course posed to the students dealt with incorporating optical shaft encoders onto the robot. As a result, students developed new chassis configurations to accommodate the sensor.
For the programming assignment: to program the robot to go straight for one meter and turn 180˚. Students faced two challenges (1) how to make the mobile robot go straight since the DC motors may have different viscous frictions and therefore require different powers to drive; (2) how to control the robot to turn exact 180 degree.
To solve the first problem, students were introduced the algorithm shown in Figure 7 , where two encoders are used as the sensors to measure the distance two wheels have traveled. If the left wheel travels more distance (more encoder counts), the power used to drive left motor will be reduced. So does the right wheel. Both the distances for both wheels are continually checked so that they can travel the same distance.
For the second problem, mathematical analysis had to be performed in order to determine the physical parameters of the robot, such as the path of its turning radius. At first, it was hypothesized that the turning radius was between the front two wheels. After trial and error, and guidance, the students realized that the actual turning radius was the diagonal of the robot. It was then explained to them that because the robot turns in place, the degree of rotation desired is directly proportional to a distance on its circumference. They were then walked through the derivation of the following formula to calculate the encoder reading to travel a desired distance.
= × = ×
In this formula N is the desired number of encoder counts, D is the desired distance to travel, C is the circumference which is also times the diameter of the wheel (d), and Nc is the number of encoder counts per revolution. First the students solved for the circumference of the turn radius. A 90˚ turn would be ¼ d, 180˚ would be ½ d, and 360˚ would be the full circumference. This number was the desired distance (D) to travel in their encoder count formula. They incorporated this algorithm into a program and powered the wheels in opposing directions to complete any desired degree of turning. 
Group Based Project Development
Both the Hardware and Software teaching methods helped to prepare students for the final project at the end of the course. The purpose of the final project is to test the ability of the students to apply what they have learned to complete a group-based challenge. In the engineering field, critical thinking and working in a team are crucial skills.
I. Grouping Students by Matching Students' Capabilities
Examining student's hardware performance, software performance, organization skills, research ability and leadership qualities, we formed groups with attempting to balance students' strengths. Each group was made up of three students. This way every group would have a student who was relatively stronger on a subject of hardware building, software programming, and document searching and idea developing. In this way, students would help each other to complete the project.
Considering that students joined new groups and were going to be working on a large project a new team , a cooperative learning technique had been adopted and modified to let the group members be acquainted to each other. Groups were given 30 minutes to discuss the solutions of 25 questions. They were informed that members would be randomly selected to answer any of the questions. This quiz put an emphasis on the importance of team work and demonstrated the benefits of sharing your own knowledge with team members while also learning from others. After the 30 minutes, we rolled a die twice, first to choose a group number and second to choose a member in that group. If the selected student answered the question correctly, the group would be awarded a point. However, if the selected person does not know the solution or answers mistakenly, the group does not obtain any points. Once the quiz started, even if other group members knew the solution, they were not allowed to provide a hint to the selected student. All work has to be prepared in team before the quiz started. The member of the group with the most points at the end obtained points towards their final grade. This graded activity was successful in "breaking the ice" within the groups.
II. Development of Project Ideas
In order to develop these projects, we opened the floor for each group to propose their own project topic. Reviewing these project proposals, we looked at each group's skill level and difficulty of the project and modified the project accordingly to offer a conquerable challenge for each group. The following is an example of some of the project assignments:
Each group was given a handout with a corresponding diagram that clearly described their task. The starting position was defined by "home" or "entrance" in each of the diagrams. All goals were completed autonomously unless otherwise stated. In Figure 9a , the group had to pick up an object, detect if it was white or black and then drop it off on the correct side of the field. Figure 9b was designed to be a "search and rescue" objective. The robot needed to search for an object, which was randomly placed in one of the four designated areas, and then exit with the object through a randomly created opening. For Figure 9c , the robot was tasked with following the designated path to pick up an object. After object retrieval, the robot could go to either randomly chosen drop off destination with a one button command. In the last figure, the robot had to follow the line leading to a platform where the robot was then required to launch a ball through the exit window. Even though the students had access to the remote control option of their robots, we designed the projects so that each group could demonstrate their programming advancement and a high level of thinking.
III. Oral / Written Presentation of Project
At the end of the five-week course, each of the groups had to write a final report on their project assignment as well as develop a PowerPoint presentation. The project was presented in front of the class with several special guests, including the vice president of Vaughn College of Aeronautics and Engineering and the chair of the engineering and technology department.
The supplementary English, Mathematics and Physics classes that the students completed alongside the Robotics course definitely helped them to prepare a thorough report and a powerful presentation. All of the groups were able to complete and effectively describe the process of how they completed their tasks. There were a couple of small bugs in the programs. However, it was amazing to see the students' ability improve enough to accomplish such complex projects.
Course Survey and Comments
At the end of the course, the high school students were asked to complete a survey which included questions about their experience for the summer intensive pre-college engineering program. The survey questions are listed as follows:
1. The class gives me the information about robots and their applications as well as engineering design. 2. I know how to build the chassis of a mobile robot with two motors as well as add an arm/claw for a Clawbot. 3. I have learned to program the robot by thinking logically. 4. I can write a simple ROBOT program, such as let robot go forward/backward, stop, and turn right/left. 5. The class helped me understand the program structure like if-statement and while-loops. 6. I know how the bumper sensor (switch), encoder and ultrasonic sensor work. 7. The project encouraged me to make a process of asking questions, using resources and develop my learning. 8. The team work in the project was positive to improve my skills and knowledge.
9. The project development method, i.e. each group generated an idea, the instructor and TAs further clarified and enriched the idea as a project assignment, was a proper approach to develop a course project. 10. Integration of college research writing with the Robotics Design course was very helpful for completion of the project report. 11. The class helped me to get a lot of hands-on experiences in engineering design and building robots. 12. Your Comments:
Before the survey, students were informed that all answers will be kept anonymous and only used for future improvement of the course. 93% students in the course completed the survey. The result was very encouraging. Some typical comments were: The results are listed in figure 10 . The survey indicates a quite flourishing result of the precollege engineering summer intensive program if we consider that it is for the first time for the college to offer the program. However, there are still many issues that can be improved in the future.
The results of the survey show that all the students ended the course better informed about robots, their applications, and engineering design. Question three returned the lowest score on the survey, indicating that the students did not feel as though they were using logic to write their programs. This is something that needs to be improved on for the next iteration of the course next summer. A possibility for improvement is to allocate some time for an activity in problem solving through programming. However, according to question 4, the students felt comfortable in their ability to write a program that would have the robot perform basic movements. This shows that the students acquired the skills necessary to write a program in RobotC. Some other questions that returned average scores were the ones about teamwork during the project. A solution for this would be to assess the skills of the students earlier on in the course so that they can be placed in their project groups with more time to become acquainted. Nearly all the students gave positive feedback to every question relating to chassis building and sensor familiarization.
Conclusion
The courseware development of a robotics course for a six-week intensive preengineering course was introduced in this paper. From the course and project results, it can be seen that the courseware was very helpful for high school students to comprehend engineering through robot designing, building and programming. Notice that most of the students in the course were of underrepresented minorities (60%) in the STEM field, such as AfricanAmericans, Latinos, and women. As they mentioned in the final project presentation, the robotics course was of great assistance to increase their knowledge in engineering and to increase their confidence in engineering skills. Further improvement for the courseware would be to provide students more types of sensors, motors and chassis building materials, which allows high school students to have more options for the robotic design and implementation. In addition, exposing students to more challenging concepts, more productive brainstorming process and developing cooperative learning skills are also under investigation.
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